Abstract The aim of this study was to identify and characterise learning curves in hip fracture surgery. Operating times were collected and related to the number of procedures done by residents performing closed reduction and internal fixation using cannulated screws for intracapsular fractures of the hip and cephalomedullary nailing for trochanteric fractures, as well as hemiarthroplasty for displaced intracapsular fractures. The mean operating times decreased significantly for all four procedures studied, though at different rates. For cannulated screws, the mean duration of surgery decreased from 47.8 minutes to 30.1 minutes for procedures 21-25. For cephalomedullary nailing without distal locking, the mean operating time decreased from 73.3 minutes to 36.3 minutes. For cephalomedullary nailing with distal locking, the mean operating time decreased from 81.7 minutes to 56.9 minutes. The mean operating time for hemiarthroplasty decreased from 97.3 minutes to 66.0 minutes. Mean operating times decreased significantly for all procedures studied, though at different rates, indicating a unique learning curve for each procedure.
Introduction
The existence of a learning curve in acquiring technical skills in orthopaedic surgery is established in the literature, but has not been studied in detail as it relates to an individual resident acquiring basic orthopaedic skills without prior experience. Learning curves have been studied in a number of fields including arthroplasty surgery [1] [2] [3] [4] [5] [6] . It has been used as an argument for subspecialisation [7] , implying that certain procedures are technically challenging and have poor outcomes for physicians without enough experience to master the skills needed to perform them [8] .
A learning curve can be defined as an improvement in performance over time [9] or with increasing experience or training. The starting point of the curve in surgery indicates the starting level of the surgeon and the end point shows an assumed expertise level [9, 10] . The slope of the curve indicates the speed of learning, which may be influenced by surgeon-related factors as well as institutional factors such as operating team experience, institutional volume, and financial resources [9, 10] .
Outcome measures in depicting the learning curve are mostly proxy measures and have included time to completion of a task [4, 6] , number of X-rays necessary [4] , rate of complications [11] , radiological parameters [12] , as well as measurements of screw placement [5, 13] and the proportion of satisfactory results [7] . Time-action analysis is a video-based quantitative method that can be used to evaluate surgical technique and learning more objectively [14] , but is not practical in a clinical setting.
Obtaining knowledge about learning curves is important for several reasons. With the introduction of new orthopaedic techniques, an analysis of a learning curve is pertinent [15] . New techniques might be regarded as technically more challenging, such as mini-invasive procedures or procedures that require a high level of precision [2, 3] . However, new techniques might also be introduced to reduce the degree of difficulty or increase precision, such as novel aiming devices and computer navigation [4, 6, 16] . In clinical trials, the effect of the learning curve might be profound when an established technique is compared to novel methods [10, 17] . In organising clinical trials, it is imperative that the surgeons have equal expertise in carrying out the procedures being studied [17] to avoid expertise-based bias against implants or techniques. Cognisance of learning curves could facilitate setting a limit on the number of procedures a surgeon must have completed before being allowed to take part in a study. In addition, the mandated 80-hour work week for orthopaedic residents in the United States has reduced the number of operations performed by second and third year residents by 20% over the last several years [18] . In Europe, work weeks are generally even shorter, which raises the question of how much training is required to master various procedures.
While comparative studies between the Gamma nail and hip compression screw have shown that the Gamma nail was associated with significant learning curves [19] , details of the learning curves have not previously been examined. The aim of this study was to delineate the learning curves of residents learning hip fracture surgery using the cephalomedullary nail, cannulated screw fixation and hemiarthroplasty.
Materials and methods
The data for this study was extracted from a larger prospective study on hip fractures in a community hospital serving a population of 150,000 people. Data on all hip fracture procedures (1,780) between 1998 and 2003 were recorded.
Residents were selected for this study if they had performed at least 15 hemiarthroplasties (Exeter, Universal Head, Stryker), 20 internal fixations with cannulated screws (Olmed, Uppsala, Sweden) or at least ten osteosyntheses with short cephalomedullary nail (Gamma, Stryker/Howmedica). Twelve residents fulfilled the inclusion criteria (Fig. 1) . Two of them, residents 11 and 12, had some experience in fracture surgery prior to being employed at our hospital. The remaining ten residents received their first training during the study period and were thus studied from the start of their learning curve.
In order to increase the robustness of the study, seven orthopaedic surgeons employed at the hospital were included in the study to serve as controls. It was assumed that they had reached a plateau in their learning curves. These surgeons performed very few operations other than hemiarthroplasties and, for that reason, only the hemiarthroplasties were included in the statistical analysis. The undisplaced and moderately displaced femoral neck fractures were treated with two cannulated screws inserted percutaneously under fluoroscopic control, whereas the severely displaced intracapsular fractures were treated by bipolar hemiarthroplasty using a direct lateral Hardinge approach [20] . Trochanteric fractures were treated by closed reduction and cephalomedullary nailing with or without distal locking screws depending on the stability of the fracture.
A number of perioperative variables were recorded. The anaesthetic nurse registered operating times and bleeding; radiation time was automatically registered by the fluoroscopy device. For this study we elected to examine duration of surgery as representing the progress of acquiring surgical proficiency most accurately. The time spent reducing fractures was included in the times used for the analysis.
Statistical analysis
Each surgeon performed a series of operations and the procedures in each group of operations were assigned ascending numbers. In order to visualise the actual learning curve for each procedure, we grouped the procedures in groups of five according to the order undertaken. We then calculated the mean and the 95% confidence interval for the mean for each group of five procedures.
For analysis of the individual surgeon's performance, we used ranked correlation in the SPSS statistical software package (SPSS Inc., Chicago, IL, USA) to obtain a Spearman's correlation coefficient. The duration of each operation was recorded with the longest times receiving the highest number. Correlation coefficients will therefore be negative if the operating times decrease with increasing volume.
Results
Twelve residents performed 996 procedures and seven orthopedic surgeons performed 245 procedures (Table 1) . Table 2 shows the number and operating times for all operations performed by residents. The mean operating time for cannulated screws was 37.2 minutes, decreasing from a high of 47.8 minutes for the first five procedures to a plateau of 30.1 minutes for procedures [21] [22] [23] [24] [25] (Fig. 1a) . Operating times for procedures 15-20 and above were significantly shorter than operating times for the first 15 procedures as evidenced by non-overlapping confidence intervals. Operating times for procedures 26-30 were shorter than procedures 16-20, but this was not statistically significant.
For cephalomedullary nailing without distal locking, the mean operating time was 55.2 minutes, which declined from 73.3 minutes for the first five procedures to 36.3 minutes for the procedures 36 and beyond (Fig. 1b) . The residents performed procedures 16-20 significantly faster than procedures 1-5. Procedures 36 and beyond were executed significantly faster than procedures 16-20. For cephalomedullary nailing with distal locking, the mean operating time was 69.8 minutes, which decreased from 81.7 minutes for the first five procedures to 56.9 minutes for procedures 36 and beyond. The residents did procedures 31-35 significantly faster than procedures 1-10, but there were no further significant reductions in mean operating time later in this series (Fig. 1c) .
The mean operating time for hemiarthroplasty was 91.6 minutes, decreasing from 97.3 minutes for the first five procedures to 66.0 minutes for the 36th and later. Procedures 26-30 were carried out significantly faster than procedures 1-15, and there was a drop from procedures 21-25 to procedures 26-30. Wide confidence intervals noted are probably due to fewer surgeons doing this many procedures (Fig. 1d) .
For hemiarthroplasty performed by the orthopaedic surgeons, the mean operating time was 72 minutes (40-150). The mean difference between the surgeons and the residents was 20 minutes (95% CI 16.7-23.4). The residents reached the mean operating time of the orthopedic surgeons performing their procedures 26-30. For the orthopaedic surgeons, there was also a trend toward shorter operating times for procedures performed later in their series, with operating times decreasing from 73.9 to 70.5 minutes (Fig. 1e) .
There was a significant correlation between large volume and decreasing operating times for eight of 12 residents doing cannulated screws (Table 3 ). Only one of the eight residents that did more than 30 operations failed to improve their operating time. All 12 residents performed 14 or more procedures, and the residents who did not decrease their time performed 14, 21, 22 and 37 procedures. The individual curves of resident 9, who did not improve, and resident 10, who decreased time significantly, are shown in Figs. 2 and 3. Resident 9 had large fluctuations in operating times, that did not seem to decrease with time, whereas resident 10 had a marked reduction in operating time after 20 cases.
The proportion of residents who significantly decreased their operating time was not statistically different (Fisher's exact test) between the procedures. The proportion of residents improving their operating times for cannulated screws was 8/12, for unlocked cephalomedullary nailing 7/12, for locked cephalomedullary nailing 4/12, and for hemiarthroplasty 3/12, indicating that learning curves are different for each operation.
For the orthopaedic surgeons, we found a significant correlation between operation time and volume for one surgeon, who was the slightly less experienced surgeon of the group.
Discussion
This study examined operating times to determine whether a learning curve or learning effect could be measured for hip fracture surgery. However, it is important to emphasise that this does not imply that fast is always better than slow. It is perfectly conceivable that a resident can move along the learning curve by performing the procedure at a constant speed, but with increasing precision and improved technical quality. Nevertheless, the speed at which a certain procedure is executed is an important aspect of the technical learning process. In addition, duration of operation has economic implications due to the price of running an operating facility, as well as physiological implications to the patient. In this study we used operating time as a proxy measure for evidence of learning, which is supported by other studies using time to complete a task as a measurement of outcome [4, 6] .
The main finding in this study is a significant correlation between the number of cases completed and decrease in operating time. The mean number of operations with Fig. 2 Duration of surgery for one resident (resident 9) performing cannulated screws who did not improve mean operating times during the series of procedures cannulated screws for each surgeon was larger than the other groups (32), but even though the number of cephalomedullary nails and hemiarthroplasties was practically the same, the proportion of residents improving was strikingly different. Only 3/12 residents improved after performing a mean of 18 hemiarthroplasties, while 7/12 resident improved doing the same number of unlocked nails. The difference is not statistically different, but the trend suggests that the number of procedures necessary might be different for different procedures.
Based on these results, it is evident that more complex operations are those where a decreasing proportion of residents show improvement by performing practically the same number of procedures. This finding is supported by differences in the learning curves depicted in Fig. 1a -e. The curves suggest that for the cannulated screws, operating times were significantly lower at a lower volume than for the other procedures. For cannulated screws, a volume of 15 procedures was required to perform faster than the five first procedures, whereas the residents needed 20 unlocked and 30 locked nailing procedures, respectively, to perform faster than the first five procedures. For hemiarthroplasties, 25 procedures were needed to perform faster than the initial five procedures.
For hemiarthroplasty, the surgeons served as a control, and the mean operating times of the surgeons may indicate a level of expertise. The residents reached this level after having performed 25 procedures. For the other procedures, we do not have a control group, but the shape of the curves seem to indicate a plateau for the cannulated screws. For the nailing procedures, it is harder to see a definite plateau.
Interestingly, the numbers for the orthopaedic surgeons also indicated that speed increases with increasing numbers during this study period. We found a significant correlation between speed and volume only for the surgeon known to have somewhat less experience than the others; but even for the group as a whole, there was a trend toward lower operating times with an increasing volume of procedures.
There are multiple weaknesses in this study. First, we have not adjusted for possible case mix. Patient-related factors such as obesity and difficult versus easy fractures might influence operating times. The latter may be a concern for the cannulated screws, which were the treatment of choice for undisplaced as well as moderately displaced fractures; but preliminary analysis showed no difference in operating times for cannulated screws between displaced and moderately displaced fractures. The trochanteric fractures were treated by unlocked cephalomedullary nailing when stable and locked nailing when unstable, but there might still be some variance in fracture severity within the groups. We have also not allowed for previous nonorthopaedic experience. Some residents might have done some general surgery before starting their orthopaedic residency. Furthermore, some residents may simply be more active, doing more cases outside this study. Inexperienced staff may increase operating time [21] , and there might be some variations in the experience of the surgical teams that has affected some procedures. Lastly, we were not Fig. 3 Duration of surgery for one resident (resident 10) performing cannulated screws who improved mean operating times during the series of procedures able to record any data pertaining to the supervision offered during the surgery. Teaching styles may be different, and this could account for some variation in the operating times.
In reviewing the relationship between volume and quality, Shervin et al. called for additional studies to illuminate the causal factors between volume and outcome [22] . Our study is a contribution to that end and indicates that there are differences in learning curves between procedures and between residents. This may have implications for surgical training, choice of implants, as well as for the design of surgical trials. Further studies into the relationship between operating time and quality of surgery are needed.
